Sometime plant pathogen Agrobacterium tumefaciens, the causative agent of crown gall disease, has captured the attention of plant biologists because of its natural ability to transfer genes to plant cells. It engages in such gene transfer in nature, splicing its genes to plant DNA without regard for the National Institutes of Health guidelines. This intriguing microbe over the last decade has been investigated, disarmed, and put to work in plant genetic engineering laboratories worldwide. The list of plants on which its talents have been exploited for gene transfer grows steadily. The desire to use Agrobacterium as a gene vector for maize, a plant outside its "normal host range," has driven the development of highly sensitive detection systems for gene transfer.
It has been known for nearly a century that Agrobacterium tumefaciens can cause galls at wound sites on a wide variety of plants, including most dicots and many gymnosperms. About three decades ago, the biological motive for this activity came to light: the cells of the gall produce novel amino acid and sugar derivatives, generically called opines, that are specific growth substrates for the bacterium. Different strains of Agrobacterium produce (in galls) and consume different opine repertoires. Strains have became known accordingly as octopine, nopaline, or other types, depending on their diagnostic opine. The gall on the host plant thus serves as an ever-growing factory that converts normal plant metabolites into a form useful only to the inciting Agrobacterium.
Nearly two decades ago, the mechanism of this opine-mediated subversion of the host plant cells was shown to be an elegant gene transfer process. The transferred genes are situated on plasmids, called tumor-inducing (Ti) plasmids, that also carry opine catabolic genes. A specific segment of Ti plasmid DNA, called T-DNA (transferred DNA), travels from bacterium to plant cell nucleus and becomes integrated into the plant's chromosomal DNA. The eukaryotic-style T-DNA genes are transcribed into active mRNAs. It is not known whether such T-DNA gene expression can precede integration.
An elaborate mechanism for T-DNA transfer is encoded by a series of virulence (vir) genes on the Ti plasmid that map outside T-DNA. These vir genes are inducible by chemical signals released by wounded plant cells. Acetosyringone and related metabolites are the best-studied inducers. The mechanism of T-DNA transfer appears analogous in many ways to interbacterial plasmid conjugation. T-DNA is flanked by 25-base-pair direct repeats that serve as targets for cleavage by the virD2-encoded nuclease. The T-DNA intermediate is a single-stranded DNA, covalently joined to VirD2 protein at its 5' end. T-DNA transfer into the plant cell nucleus is apparently facilitated by two kinds of address labels on the package: there are nuclear localization sequences both in VirD2 protein and in VirE, a single-strand-binding protein that coats the T-strand. It is not known whether any Vir proteins facilitate T-strand duplication or integration.
T-DNA gene products induce a gall by causing host plant cells to divide rapidly in an uncontrolled manner. Three T-DNA genes encode enzymes that catalyze synthesis of indoleacetic acid, a phytohormone causing cell expansion, and ribosyltrans-zeatin, a cell-division factor. Additional T-DNA genes encode enzymes that produce octopine, nopaline, or other opines. The function of a number of other T-DNA genes is unknown.
A decade ago two events signaled the beginning of the era of plant genetic engineering. First, Agrobacterium and its Ti plasmid were used as a gene vector system for producing transgenic plants. Tobacco cells were transformed by Agrobacterium carrying a "disarmed" Ti plasmid into which foreign genes had been inserted, with concomitant inactivation of the ribosyl-trans-zeatin synthesis gene. Transformed cells were regenerated to form healthy genetically engineered tobacco plants that transmitted disarmed T-DNA, including the foreign genes, to their progeny (1) . Second, work in several laboratories showed that a non-plant gene (a bacterial gene conferring resistance to kanamycin) could be instructed to function efficiently in a plant cell by splicing a plant-active promoter-the T-DNA nopaline synthase promoter-to the coding region of the bacterial gene (2) (3) (4) Despite these new technologies which had no host range limitation, interest persisted in adapting Agrobacterium T-DNA transfer to a wider range of plant transformation projects. The reasons for this were several. First, it is a "poor man's vector system," requiring no hightech microinjection equipment or protoplast regeneration skills. Second, it is a "clean" system, introducing only the desired DNA package. Third, it is perceived to be a "natural" gene transfer system, more acceptable to those who feel that natural is better. And finally, based on the broad known host range of Agrobacterium, a universal host range, at least for the T-DNA transfer process, seemed plausible. That galls were not formed on some dicots and many monocots (8) could have any of several explanations. Perhaps such plants fail to produce a compound that induces the vir genes. Alternatively, T-DNA transfer could occur normally but one or more phytohormone gene promoters or gene products might not function. Perhaps the genes were expressed but the resulting phytohormone balance did not cause cell division and growth. Gall formation clearly was not a definitive test for T-DNA transfer. A better criterion would be the expression of any single T-DNA gene in the plant cells.
The infection ofZea mays by Agrobacterium is now the best-studied of the "non-host" plant transformation systems. Graves and Goldman (9) were the first to report evidence-octopine or nopaline production-of T-DNA transfer to maize seedlings, by inoculating meristematic cells. A patent on this method was issued recently (10). Gould et al. (11) reported that excised maize seedling apices could be transformed, based on lowlevel expression of a chimeric 3-glucuronidase gene spliced into T-DNA and transferred to maize. A patent was recently issued on this method also (12) . These approaches have not yet been exploited in producing transgenic maize for field tests, an indication that they are not as efficient, reliable, or cost-effective as microprojectile bombardment or protoplast transformation, methods that have produced transgenic maize plants in the field (13) .
Although T-DNA transfer by Agrobacterium has apparently not to date been embraced by maize genetic engineers, further studies have brought to light some features ofAgrobacterium-maize interaction that are important to success. In 1987, Hohn and collaborators (14) tested for gene transfer from Agrobacterium T-DNA to maize by using a kind ofTrojan horse: they incorporated tandem repeats of maize streak virus (MSV) DNA into T-DNA. When maize seedlings were inoculated with such MSV-armed agrobacteria, the plants exhibited symptoms of MSV infection with high frequency and indeed were shown to contain high levels of the virus. Mutant MSV-armed agrobacteria defective in virA did not produce virus symptoms, evidence that T-DNA transfer was indeed the mechanism. Grimsley et al. (15) showed that the meristematic tissues must be infected with MSV-loaded agrobacteria to mount an infection. This could be because MSV replication can occur only in merisematic cells, but it is also plausible that T-DNA transfer requires meristematic cell division for T-DNA insertion. Both Graves and Goldman (9) and Gould et al. (11) inoculated the meristem of maize in their transformation studies. Further, gall formation by Agrobacterium in dicot plants requires wounding, which produces a wound meristem.
Curiously, while nopaline Ti plasmids of Agrobacterium are quite efficient at "agroinfection" of maize with MSV, octopine Ti plasmids are not (16) . The basis for the difference is a Ti-plasmidencoded trait (16) that maps in the vir region, not in T-DNA (17). Jarchow et al. (17) found that the virF gene on the octopine plasmid had a deleterious effect on its efficiency; virF-deficient mutant octopine Ti strains had improved efficiency in agroinfection. There is no corresponding virF gene on the nopaline Ti plasmid. The function of virF is unknown.
As reported in this issue of the Proceedings, Raineri et al. (18) have studied this matter further and shown that a major part of the difference in agroinfection efficiency between octopine and nopaline Ti plasmid vectors lies in the virA gene product (common to both types of plasmid). VirA is a bacterial membranelocalized "antenna" protein that senses vir-gene-inducing substances and, by phosphorylating positive gene regulatory protein VirG, activates transcription of other vir genes needed for T-DNA transfer. By a promoter swapping experiment, Raineri et al. show that the "good" virA gene of the nopaline Ti plasmid is good because of its coding region (gene product), not its promoter.
The picture that emerges from this study is that the nopaline Ti plasmid's antenna protein VirA works well in maize agroinfection, whereas that of the octopine Ti plasmid is inefficient. Sahi et al. (19) (20) have shown that, again at very high frequency, nopaline Ti vectors can produce GUS+ spots while octopine Ti vectors do so much less efficiently. They showed that vir gene expression is absolutely required for appearance of GUS+ spots: vir mutants of several kinds give no such spots. This evidence is a hint, but not a proof, of stable transgene integration. As in the agroinfection studies, the data clearly show T-DNA transfer, often many events per plant shoot.
It appears likely that Agrobacterium Ti vectors can indeed be designed for more efficient, reproducible transformation of maize. If this prediction is correct, Agrobacterium wiUl add to its impressive list of achievements the blurring of the definitions of host vs. non-host. And it may indeed provide maize geneticists with a handy, reliable "poor man's vector" for gene transfer to maize.
